We consider the effect on early Universe cosmology of the dark photon associated with the gauging of U (1)T 3R, a symmetry group under which only right-handed Standard Model fermions transform non-trivially. We find that cosmological constraints on this scenario are qualitatively much more severe than on other well-studied cases of a new U (1) gauge group, because the dark photon couples to chiral fermions. In particular, the dark photon of U (1)T 3R is always produced and equilibrates in the early Universe, no matter how small the gauge coupling, unless the symmetry-breaking scale is extremely large. This occurs because, no matter how the weak the coupling, the Goldstone mode (equivalently, the longitudinal polarization) does not decouple. As a result, even the limit of an extremely light and weakly-coupled dark photon of U (1)T 3R is effectively ruled out by cosmological constraints, unless the symmetry-breaking scale is extremely large. We also discuss the possibility of ameliorating Hubble tension in this model.
I. INTRODUCTION
In recent times, precise measurements of the CMB by the Planck experiment have placed tight constraints on the number of effective relativistic degrees of freedom in the early universe, encoded in the quantity ∆N ef f [1] . These constraints can rule out models of new physics with new low-mass particles. Recent work has considered the constraints imposed on models of new physics in which a low-mass dark photon (A ) couples to Standard Model (SM) (see, for example, [2] [3] [4] [5] ). These works have focused on scenarios in which the dark photon is either secluded (coupling to SM particles only via kinetic mixing) or couples to the charges B − L or L i − L j [6] [7] [8] . But another well-studied anomaly-free choice of new U (1) gauge group is U (1) T 3R ; in this scenario, only one or more complete generations of right-handed SM fermions are charged, with up-type and down-type fermions having opposite charge. This scenario was originally considered in the context of left-right models [9] [10] [11] , in which U (1) T 3R is the diagonal subgroup of SU (2) R , under which right-handed fermions transform as doublets. In this brief letter, we point out that the dark photon of U (1) T 3R contributes to ∆N ef f in a manner which is qualitatively different than the dark photon of other well-studied examples, such as B − L, L i − L j , a secluded U (1), etc.
In these other well-studied examples, there are generally two ways in which one can ensure that the contribution of the dark photon to ∆N ef f is negligible; either the dark photon can be heavy enough that its abundance is negligible due to Boltzmann suppression at the time of neutrino decoupling, or its coupling can be so weak that it is never produced in the early Universe, again leading to a negligible abundance. But if the dark photon is the gauge boson of U (1) T 3R , then this second option is foreclosed; the dark photon is always produced in the early Universe, no matter how weak the coupling unless the symmetry-breaking scale is > 10 7 GeV.
This result might at first seem counterintuitive. But one way to see this is to note that m A ∝ gV , where g is the gauge coupling and V is the expectation value of the field which breaks the U (1) gauge symmetry. Thus, for fixed V , as the gauge coupling gets weaker, the mass of the dark photon becomes smaller. If we then consider an inverse decay process likef f → γA , the sum over A polarizations yields a factor of −(g µν − k µ k ν /m 2 A ), where the second term arises due to contribution of the longitudinal polarization. The m 2 A factor in the denominator cancels the g 2 factor in the squared matrix element, potentially leaving a finite term even at arbitrarily small coupling.
Of course, these considerations apply for any choice of U (1). For any choice of the U (1) gauge group, m A ∝ gV , and the longitudinal polarization thus always receives an enhancement which is proportional to 1/g. But the enhanced term in the polarization sum is ∝ k µ k ν ; in cases where A couples to SM fermions through a purely vector interaction, the resulting term in the matrix element is zero due to the Ward Identity. However, if the gauge group is U (1) T 3R , then the longitudinal polarization is contracted with a combination of vector and axial vector currents, and the axial vector term does not vanish.
Another way to see this result is to note that, in the weakly coupled limit, the U (1) gauge group essentially becomes a global symmetry group, and the transverse polarizations of the A manifestly decouple. But the longitudinal polarization instead becomes the massless Goldstone mode of the spontaneously broken global symmetry, which need not decouple. Again, these considerations apply for any choice of the U (1) gauge group. But the relevant question is how does the Goldstone mode couple to SM fermions. The coupling of the Goldstone mode derives from the complex scalar whose vev breaks the U (1) symmetry; the Goldstone is the real excitation orthogonal to direction of the symmetry breaking vev. Since an unbroken U (1) T 3R would forbid a SM fermion mass, the coupling of the Goldstone boson to any SM fermion charged under U (1) T 3R must scale as m f /V . But if the dark photon instead couples to B − L or L i − L j , there is no reason why the symmetry-breaking field need have a sizeable coupling to SM fields at the era of neutrino decoupling. As a result of these considerations, we will find that the scenario in which U (1) T 3R is gauged is much more tightly constrained by cosmological observations than other recently studied scenarios.
II. PRODUCTION OF A IN THE EARLY UNIVERSE
For simplicity, we assume that only second generation right-handed fermions are charged under U (1) T 3R , with up-type and down-type fermions having opposite charge (
. One can verify that this choice is anomaly-free. We will assume that g 1, where g is the coupling of U (1) T 3R . In that case, the dominant processes by which A can be produced in the early Universe are inverse decay processes, in which only one factor of g is appears in the matrix element. In [4] , it was argued that the dominant production process is µµ → γA . For our purpose, it will be sufficient to consider this process in order to demonstrate that A is always produced in the early Universe, provided this process is kinematically allowed and the symmetry-breaking scale is not extremely large.
The relevant Lagrangian for the gauge boson A is
where
The condensation of φ spontaneously breaks U (1) T 3R , giving the dark photon a mass m 2 A = 2g 2 V 2 . We may express the excitation of φ about its vev in terms of two real fields, φ and φ I ,
is the dark Higgs, and is a physical real scalar excitation. φ I is the Goldstone mode, which is absorbed by dark photon in order to provide the third physical polarization of the A .
The matrix element for the processf (p 2 )f (p 1 ) → γ(k 2 )A (k 1 ) is given by
where (k 1 ) ad (k 2 ) are the polarization vectors of the A and γ, respectively. The P R = (1 + γ 5 )/2 projector appears because A only couples to f R . One can easily verify that the matrix element vanishes under the replacement µ (k 2 ) → k µ 2 , as required by the Ward Identity. But one can also verify that, under the replacement ν (k 1 ) → k ν 1 , the only non-vanishing term is proportional the one proportional to γ 5 . This is also a result of the Ward Identity. If the γ 5 term had been removed, then the coupling of f to A would have been a pure vector interaction, and contracting the external momentum into the vector current necessarily yields zero.
This result immediately indicates that, in the case where the A coupling to SM fermions is a pure vector interaction, the longitudinal polarization yields no parametric enhancement to the matrix element. The squared matrix element is contracted with an A polarization sum factor given by −(g µν − k µ 1 k ν 1 /m 2 A ). In the weak coupling limit (m A /V ∝ g → 0), the second term receives a parametric enhancement, but vanishes identically when contracted into a purely vector current.
We are interested in squared matrix element in limit where g 1. In this case, only the k µ 1 k ν 1 /m 2 A term in the polarization sum is relevant, as this is the only term which can yield a non-zero contribution which contracted with a matrix element that scales as g 2 . From the Ward Identity, we see that we need only consider the term in the matrix element proportional to γ 5 . Summing over the polarizations of the A , we thus find A pols
where we have set k 2 2 = 0 and Q f = −1. It is thus clear that a finite piece is left, even in the limit g → 0, when the dark photon couples to a chiral fermion.
One can verify this result straightforwardly by considering the limit where g = 0, in which case the A is exactly massless, and U (1) T 3R becomes effectively a global symmetry. In this case, the transverse polarizations of the A must decouple, but the coupling of the massless Goldstone mode should reproduce the above squared matrix element. Indeed, this intuition is easily verified. The coupling of the Goldstone mode to f is induced from the coupling of the symmetry-breaking field φ to f , which is required in order for the fermion mass to be generated from a gauge-invariant Yukawa coupling. In the effective field theory defined below the electroweak symmetry breaking scale, we find
implying that the Goldstone mode φ I couples to f as a pseudoscalar with coupling m f / √ 2V . It is then straightforward to compute the squared matrix element for the processf (p 2 )f (p 1 ) → γ(k 2 )φ I (k 1 ), yielding
In the limit m A = 0, we find p 1 · k 1 = p 2 · k 2 , implying that the cross section for producing the massless A in the weakly coupled limit is equal to the cross section for producing the massless Goldstone boson, as required by the Goldstone Equivalence Theorem. From here on, it is convenient to proceed in the Goldstone limit, where we take g = 0. If we choose simple kinematics for the incoming SM fermions, p µ 1 = (E, p), p µ 2 = (E, − p), defining p = | p|, we find
As expected, the cross section scales as αm 2 f /V 2 , since the coupling of the Goldstone mode to f is inherited from the coupling of the symmetry-breaking field, which necessarily scales as m f /V , since U (1) T 3R protects the fermion mass. We find that the thermally averaged cross section is given by
Following [4] , we will adopt the following as a simple criterion for A to not have equilibrated in the early Universe:
where M pl is the reduced Planck mass and g * is the effective number of Standard Model relativistic degrees of freedom at T = m f , yielding
We then find that A will have equilibrated in the early Universe unless
III. ∆N ef f
Given that A is produced and equilibrates in the early Universe, we must now determine how its abundance at the time of recombination corrects N ef f . For this purpose, we will assume that the neutrino mixing angle is small (the sterile neutrino mass eigenstate, ν s , is almost entirely ν R ), and that m ν S > 10 MeV. If m A > 10 MeV, then the A abundance is heavily Boltzmann-suppressed at the time of neutrino decoupling, and its impact on N ef f is negligible [4] .
In the limit m A /V → 0, the transverse polarizations of the A completely decouple, and we are left with a massless Goldstone mode, which thermalizes in the early Universe and decouples before neutrino decoupling, and which does not decay. As a result, the Goldstone degree of freedom is at the same temperature as the neutrinos, and its energy density at recombination contributes as ∆N ef f = 4/7.
If m A is non-negligible, but m A < 1 MeV, then the A can decay to ν A ν A through a one-loop process (decay to γγ is forbidden by the Landau-Yang Theorem). As the temperature drops well below m A , A decays will heat the neutrino population, leading to an even larger value of ∆N ef f [4, 5] .
But if m A lies in the range ∼ 1 − 10 MeV. the analysis is model-dependent. In particular, A can also decay to e + e − through a one-loop kinetic-mixing process. The relative branching fractions for A decay to ν A ν A and e + e − are determined by the details of the neutrino mass matrix. This yields two relevant effects. First, electrons and neutrinos can remained coupled via decays and inverse decays of A , delaying the time neutrino decoupling. As shown in [4] , this can yield an O(1) correction to the allowed mass range for m A . But an even more significant effect arises if the branching fraction for A → e + e − can be large. If the dominant decay of A is to ν A ν A , then little changes from the above analysis. But if the dominant decay of A is to e + e − , then when the temperature drops well below m A , the photon temperature increases, yielding a negative contribution to ∆N ef f . With an appropriate choice of branching fraction, ∆N ef f can be tuned to be arbitrarily small.
In Fig. 1a we plot the excluded region of parameter space in the (m A , g)-plane for the case where A couples to U (1) T 3R (blue), along with similar results from [4] (purple) for the case where A couples to L µ − L τ . To facilitate comparison with [4] , we will treat as excluded models for which ∆N ef f ≥ 0.5. In Fig. 1b , we plot the excluded regions of parameter space in the (m A , V )-plane. [4] . In both cases, the range 1 MeV ≤ m A ≤ 10 MeV is shaded, as exclusion contours in this mass range depend on details of the model. It has been noted (see, for example, [4, 12] ) that the tension between the determination of H 0 from low-z measurements [13, 14] and from the CMB [1] can potentially be resolved if ∆N ef f ∼ 0.2 − 0.5. This range of ∆N ef f can arise in this model for (i) m A ∼ 1 − 10 MeV by choosing the neutrino mass matrix appropriately; (ii) m A 10 MeV by choosing the gauge coupling appropriately; (iii) m A < 1 MeV by choosing V appropriately.
IV. CONCLUSION
We have considered the effect of the dark photon of U (1) T 3R on cosmology in the early Universe. We have found that, unlike other recently studied cases, such as B − L and L i − L j , if the dark photon is the gauge boson on U (1) T 3R , cosmological constraints are much tighter. In particular, A is always produced and equilibrates in the early Universe, not matter how small the gauge coupling is, provided the symmetry breaking scale is > 10 7 GeV (for the case where second generation right-handed fermions are charged under U (1) T 3R ). Even if the gauge coupling is made arbitrarily small, this suppression of the A production cross section is compensated by the enhancement of the longitudinal polarization when there is an axial vector coupling. This amounts to saying that, even in the limit when coupling becomes negligible and the symmetry becomes global, the Goldstone mode remains coupled to the charged fermions.
We could consider the same scenario in the case where right-handed first generation fermions are instead charged under U (1) T 3R . The considerations described above are largely unchanged; in this case, A is produced and equilibrates in the early Universe unless the symmetry-breaking scale is > 10 5 GeV. On difference occurs if m A lies in the 1 − 10 MeV range. In this case, assuming the sterile neutrino is heavy, one finds that the A → ν A ν A decay process is one-loop suppressed, while A → e + e − decay occurs at tree-level. Thus, one would generally expect A decay to inject energy into the photon gas, yielding a negative contribution to N ef f .
We see that regions of parameter space at very small m A found in [15] are in fact in tension with cosmological constraints. In particular, this would rule out the scenarios described in [15] in which the dark photon coupled to electrons. Models in which m A > 10 MeV are still consistent with cosmological constraints, but if A couples to right-handed electrons, then they are in tension with atomic parity violation experiments. But it may be possible to relax the tension with atomic parity violation experiments with a modest fine-tuning against additional sources of new physics; it would be interesting to investigate this further.
It is interesting to note that, for m A in the 1 − 10 MeV range, ∆N ef f can receive both positive and negative contributions which can be tuned against each other (by tuning the branching fraction for A decay to ν A ν A and e + e − ). We also discussed the possibilities of ameliorating Hubble parameter measurements in this model.
We have focused in particular on the case where U (1) T 3R is gauged. But the general result is valid in any scenario in which the dark photon has a chiral coupling to SM fermions. One would expect any such model to be tightly constrained by early Universe cosmology.
